HIGH-RESOLUTION RESULTS FROM THE LBL 55-METER SGM AT SSRL NEAR THE K-EDGE OF CARBON AND NITROGEN
The petformance of a 55-meter Spherical Grating Monochromator (SGM) is described. A resolution of 60 MeV has been achieved at 400 eV, inferred from the linewidths of the nitrogen Is-1t* resonance. With 0.5 eV resolution, a photon flux of 4 x 1010 photons/sec has been observed at 440 eV. An initial experiment has studied the core-shell resonances of gas-phase ethylene, CiH4. Vibrational fine structure was resolved both for the carbon Is-1t* and carbon Is-Rydberg excitations. Comparison with the vibrational frequencies of ground state ethylene implies that the VI (C-H stretch) and V2 (C-C stretch) or v3 (H-C-H bend) are excited. It is suggested that the lower Rydberg orbitals, 3s and 3pa, have molecular, anti-bonding character.
Spherical Grating Monochromator (SGM) Performance
A Spherical Grating Monochromator (SGM) was designed at Lawrence Berkeley Laboratory (LBL). The beam line has now been completed and installed at the Stanford Synchrotron Radiation Laboratory (SSRL). Radiation is accepted from a 54 pole wiggler / undulator. A Rowland circle geometry, With a large radius of 55 m, is maintained with moveable entrance and exit slits. The complete photon energy range will be 40 -1000 eV. Figure I shows the layout of the beam line. The fIrst optical component, a water-cooled plane mirror horizontally reflects a part of the intense wiggler beam by 5.6 0 away from an x-ray beam line. Next a toroidal mirror deflects the beam 50 vertically, while focussing vertically on the entrance slit and horizontally on the exit slit. The source is demagnifIed by 3 at the entrance slit and by 0.7 at the exit slit. A large grating chamber accommodates and provides water cooling for three gratings. At present a single fused Silica grating (600 l/mm) from Ferranti Astron Ltd., Middlesex, U.K., is installed (with no cooling). It is gold plated as are all other optical surfaces. The high quality of this grating (very small slope error and little surface roughness) has ,<N been confmned by the observation of an unusually low contribution from scattered light. The polishing of four metal grating blanks has been completed by Perkin Elmer. The blanks are in the process of being ruled. ' ,,, Finally, a bent cylindrical mirror refocusses the beam onto the sample with a demagnifIcation of 3.4. This refocussing mirror (now in place) was not installed during the measurements which will be described.
Since this monochromator is similar to the Dragon monochromator [1] at NSLS the differences should be pointed out First, the source is a wiggler instead of a bending magnet, which under the conditions of SSRL provides a factor of 3 more flux than 15 mrad 2 of an NSLS bending magnet. Both slits of our monochromator are moveable, which allows the Rowland circle condition, and the highest resolution, to be satisfIed over a.
range of energies: 269 -462 e V for the 600 Vrnm grating. The capacity of our grating chamber for three gratings will extend the accessible photon energy range. Our present estimate is that water cooled gratings are not mandatory for operation at SSRL but rather for the lower emittance and higher brightness of the Advanced Light Source (ALS) in Berkeley, for which this beam line is a prototype.
The resolution of a Rowland circle-type monochromator scales with the grating radius for given slit openings. Because of the large radius of the grating, this monochromator has a very good theoretical resolution. For example, a calculated value at the nitrogen edge is 71 Me V full width zero height for a point source. The actual resolution was tested using nitrogen gas in an ion chamber. A thin Al window (1500 A) and an interlock protected the ulta-high vacuum (UHV) of the monochromator from the pressure of the sample, about 10 mTorr. Figure 2 displays the ion yield from nitrogen at the Is to x* resonance taken with 10 11 slits. Five clearly resolved vibrational final states of the nitrogen stretching mode are seen.
To evaluate the resolution, the nitrogen spectrum was fit with Voigt functions, the convolution of a Gaussian and a Lorentzian peak form. The Lorentzian or lifetime width was fixed at 128 Me V FWHM following the electron impact experiments of King et ale [2] Alternatively, letting this parameter vary gave a lifetime in complete agreement with the earlier work. This procedure resulted in experimental resolutions of 80 Me V for 10 11 slits and 60 Me V for 5 11 slits. Thus a maximum resolving power of 6600 has been achieved. Because the experimental resolution to be determined is smaller than the broadening from the Auger process, the resolution is sensitive to the analysis method. Our nitrogen spectrum and the one presented by Chen and Sette at SRI 1988 [1] are of comparable quality with regard to resolution. Chen and Sette assign a larger natural . width to condensed nitrogen, 148 -160 MeV. More diffuse condensed nitrogen valence orbitals in solid nitrogen would lead to a slower Auger decay. Instead. not equivalent environments of neighboring nitrogen molecules perhaps give an nonhomogeneous broadening to the x* level.
The nitrogen Is -+ x* resonance was measured at many different slit positions, in order to be sure the slits were in fact at the Rowland circle, and for different slit openings. In Figure 3 is shown spectra with entrance and exit slit opening varying together from 5 11 to 50 J.L. The monochromator resolution resulting from the analysis with Voigt functions is shown in figure 4 . That the CUIVe does not go to zero for completely closed slits implies a small, remaining amount of aberrations. Suggesting the same, the resolution at 10 11 slits improves from 80 to 60 Me V when the vertical aperture is reduced by a factor of three. The resolution at 50 11 slit openings is adequate for studies of chemisorbed molecules. The SGM monochromators have reached the regime where the main contribution to the observed widths are from physical processes, usually Auger decay.
The photon intensity from the beam line is clearly also important, determining collection times and what types of experiments are feasible. The flux was measured with an Aluminum photodiode from the James A.R. Samson, University of Nebraska. Figure 5 shows a scan of the monochromator output over the energy range of the 600 Vrnm grating, 180 -820 e V. This energy range covers the C, N, 0 and F edges. The first two harmonics of the wiggler / undulator at a field of 0.5 T generate strong intensity maxima at about 220 and 440 eVe In fact, the intensity maxima from the harmonics do not occur at precisely nhnfbecause the monochromator accepts radiation off the central axis of the wiggler / undulator. A strong excitation of the oxygen 1 s near edge structure is observed starting at 535 e V because of the oxide layer on the Al surface. In addition, the increase at 300 e V can be attributed to carbon on the photodiode. The decrease in intensity at low photon energies is a geometrical effect with more of the beam missing the optical surface of the grating. On the other hand the decrease at high energies results from the lower efficiencies of the mirrors and grating. Two small sharp peaks near 350 eV are Ca 2p-+3d transitions representing an impurity from a nearby metal evaporator.
The AI photoyield should also be kept in mind; it decreases slowly (except at the 0 K-edge) from 0.04 to 0.03 electrons/photon over this energy range. [3] From the Al photodiode current, an absolute photon flux can be calculated accurate to within a factor of two. This analysis yields 4x10 10 photons/sec at 440 eV and 40 rnA in the SPEAR storage ring. This intensity was obseIVed with 100 J..L slits, which corresponds to 0.5 eV resolution. For 10 J..L slit openings required for the outstanding resolution, the intensity will be lower by a factor of 100. Therefore, at the best resolving power, some experiments will be difficult, for example gas phase photoemission. The measured intensity was artificially low because for beamline commissioning the MO mirror [4] was only modestly inserted into the radiation fan (an intensity of 4-9 % was subtracted from the x-ray branch line). However, the design intensities have not been achieved. There is only a poor focus at the entrance slit mainly due to the bad optical quality of the MO mirror. This mirror was welded after polishing to remove a small leak in the vacuum guarding the water connections. With a new MO mirror, which is now being installed in the mirror chamber, an intensity increase by ten is expected.
It should be stressed that for the SGM the quality requirements on all the optical elements are very high because of the long distances between the mirrors and grating and the slits. For the toroidal Ml mirror for example, slope errors of 2 arcsec or less would be required for a vertical focus of 100 J..L at the entrance slit. The M 1 mirror was manufactured by traditional methods utilizing test plates, and zone polishing. Because of the difficulty of obtaining high quality toroidal mirrors by these methods, in the future design for the ALS the plane and toroidal mirrors will be replaced by two spherical mirrors, as in the Dragon monochromator.
In the photoyield curve a second order oxygen peak is obseIVed at 270 e V. From the peak height, the second order contribution near the C edge is estimated to be 28 %. This positive result is due to the square wave profile of the grating and its cleanliness.
A laser interferometer encodes the wavelength drive with the laser beam reflecting off a cube corner on the grating rotation arm. The smallest step is 4 x 10-4 A or 5 Me V at 400 e V. Once the zero order position was set, the energies from the monochromator computer were accurate within one e V.
Vibrational Fine Structure in Molecular Absorption, Ethylene
Absorption spectra of some gas-phase molecules have been taken. The results of ethylene, C214, will be presented in order to discuss in general the vibrational fine structure of resonances where a core electron, here carbon Is, is excited to molecular or Rydberg excited states. Comparable work on physisorbed ethylene has been done recently by K. Baberschke and coworkers. [5 In addition, Chen and coworkers have done experiments on ethylene as well. [6] Our measurements were performed using the same ion chamber used to test the monochromator resolution.
For different vibrational states to be excited, the final state molecular geometry must differ from the initial geometry. This rule follows from the Franck-Condon principle. Two factors can contribute to a change in bond distance. First, the creation of the core hole, essentially increasing the nuclear charge by one, will repulse the neighboring nuclei, and attract the electrons. Since the same vibrational fine structure is not obseIVed for every resonance, another factor must be involved. The anti-bonding character of the excited orbitals is also important in determining which vibrational modes are excited. Conversely, these spectra provide information about the nature of these excited electronic states.
One issue is whether these excited orbitals should be described as molecular orbitals or as Rydberg states. Molecular orbitals are small in size and consequently have large oscillator strengths. Typically the excited molecular orbitals have anti-bonding character, for example the 21t* orbital of ethylene. On the other hand, Rydberg orbitals are hydrogenic in form, large and have small oscillator strengths. They are non-bonding. Traditionally, the lowest energy resonance is labelled as molecular while the other resonances are assigned to Rydberg resonances. As will be shown a simple dichotomy is not possible. That the lower 'Rydberg' orbitals should have molecular character as well can be seen from the size of the 3s orbital. For this orbital, the radius of maximum electron density is 2.2 A only slightly larger than the ethylene nuclear skeleton. [7] The electronic states of ethylene have been examined with other techniques, which also resolve the vibrational fine structure. In the absorption spectra exciting valence electrons, vibrational peaks are assigned to four modes: Vt the C-H stretch, V2 the H-C-H bend, v3 the C-C stretch, and V4 the torsional mode. [8] A theoretical investigation of the valence absorption spectrum demonstrated a strong mixing between a molecular singlet 1t~1t* and a Rydberg 1t~3d1t state of the same symmetry. [9] The resulting mixed state has a large oscillator strength from the valence-type orbital and a large size from the Rydberg orbital. An analogous mixing of the core 1t* and 3d1t resonances is not expected because of the large energy separation between them, 4.6 eV. The valence photoelectron spectrum [10] shows the possible complexity of the vibrational motion. In the A2B3 band vibronic coupling makes a normal mode analysis invalid and more than 1000 lines are predicted. [10, 11] . Figure 6 shows the core-level absorption spectrum of ethylene. Table I contains the assignments of the resonances to different excitations of the CIs electron. This spectrum was accumulated with 20 J.l. slits. The 1t* resonance will not be discussed here, but in the paper of Rabus, H., et al. [5] The hn scale has been shifted such that the sharpest resonance, 3pO', occurs at the energy scale reported by Tronc et al., [12] while the term values in Table I [14] That the vI=1 transition has similar strength to the VI=O transition implies that the 3s orbital has C-H anti-bonding character. Merer and Mulliken [7] show the 3s orbital having a node in the probability density lying between the C and H atoms. Two electronic 3p transitions are observed with 0' and 1t symmetry, showing that the 3p is sensitive to the molecular symmetry. The oscillator strength of the 3pO'transition is much larger than is predicted by Barth et al., [14] implying more probability density near the molecular core. The 3pO' transition with an additional vibrational quantum can be explained by either a H-C-H bend (V2) or C-C stretch (V3) excitation. Approaching the ionization a number of other resonances are present whose assignment is uncertain .
. In conclusion, the lower core-Rydberg resonances of ethylene have molecular orbital character. This mixed nature is especially evident in the strong 3S+Vl transition demonstrating the C-H anti-bonding character of the 3s orbital. Further theoretical effort would be very helpful to completely assign the spectrum and to describe the molecular potential surfaces.
One experiment planned for the future will study threshold photoionization. The Zero volt analyzer has a resolution of about 30 MeV. The vibrational fine structure of core-level photoemission main lines and satellite lines will be examined. 
